











Trans R Soc Trop Med Hyg 2018; 00: 1–7
doi:10.1093/trstmh/trx076
Non-typhoidal Salmonella serovars associated with invasive
and non-invasive disease in the Lao People’s Democratic Republic
Tu Le Thi Phuonga, Sayaphet Rattanavongb, Manivanh Vongsouvathb, Viengmon Davongb,
Nguyen Phu Huong Lana,c, James I. Campbella,d, Thomas C. Dartona,e, Guy E. Thwaitesa,d, Paul N. Newtonb,d,
David A. B. Danceb,d,f and Stephen Bakera,d,g,*
aHospital for Tropical Diseases, Wellcome Trust Major Overseas Programme, Oxford University Clinical Research Unit, 764 Vo Van Kiet,
Quan 5, Ho Chi Minh City, Vietnam; bLao-Oxford-Mahosot Hospital-Wellcome Trust Research Unit (LOMWRU), Microbiology Laboratory,
Mahosot Hospital, Vientiane Capital, Lao People’s Democratic Republic; cHospital for Tropical Diseases, Ho Chi Minh City, Vietnam;
dCentre for Tropical Medicine and Global Health, Nufﬁeld Department of Medicine, Old Road Campus, University of Oxford, Oxford, UK;
eDepartment of Infection, Immunity and Cardiovascular Disease, University of Shefﬁeld Medical School, Shefﬁeld, UK; fFaculty of
Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, London, UK; gDepartment of Medicine, University of
Cambridge, Cambridge, UK
*Corresponding author: Tel: +84 89241761; Fax: +84 89238904; E-mail: sbaker@oucru.org
Received 19 October 2017; revised 3 December 2017; editorial decision 7 December 2017; accepted 8 December 2017
Background: Invasive non-typhoidal Salmonella (iNTS) disease is a well-described cause of mortality in chil-
dren and human immunodeﬁciency virus (HIV)-infected adults in sub-Saharan Africa. Additionally, there is an
ill-deﬁned burden of iNTS disease in Southeast Asia.
Methods: Aiming to investigate the causative serovars of non-invasive and iNTS disease and their associated
antimicrobial susceptibility proﬁles in the Lao People’s Democratic Republic, we performed multilocus
sequence typing and antimicrobial susceptibility proﬁling on 168 NTS (63 blood and 105 faecal) organisms iso-
lated in Lao between 2000 and 2012.
Results: Six different serovars were isolated from blood; Salmonella enterica serovar Enteritidis (n=28),
S. enterica serovar Typhimurium (n=19) and S. enterica serovar Choleraesuis (n=11) accounted for >90% (58/63)
of the iNTS disease cases. In contrast, the isolates from diarrhoeal faeces were comprised of 18 different sero-
vars, the mostly commonly identiﬁed being S. enterica Typhimurium (n=28), S. enterica Weltevreden (n=14)
and S. enterica Stanley (n=15). S. enterica Enteritidis and S. enterica Choleraesuis were signiﬁcantly more asso-
ciated with systemic disease than diarrhoeal disease in this patient group (p<0.001).
Conclusions: We ﬁnd a differing distribution of Salmonella sequence types/serovars between those causing
iNTS disease and non-invasive disease in Lao.We conclude that there is a small but not insigniﬁcant burden of
iNTS disease in Lao. Further clinical and epidemiological investigations are required to assess mortality and
the role of comorbidities such as HIV.
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Introduction
Gastroenteritis caused by non-typhoidal Salmonella (NTS) is of sig-
niﬁcant public health importance, resulting in an estimated 94
million cases and 155 000 deaths worldwide each year.1 While
NTS disease in humans is classically associated with self-limiting
diarrhoea, these organisms may also cause invasive disease
(iNTS), particularly in those who are immunocompromised due to
extremes of age, malnutrition, human immunodeﬁciency virus
(HIV) infection or malaria.2–4 In individuals with these risk factors
living in sub-Saharan Africa, iNTS disease is a signiﬁcant problem,
with associated mortality rates of 20–25%.5 Management is fur-
ther complicated by the emergence of resistance to all major
classes of antimicrobial agents.3,6 In contrast to typical diarrhoea-
causing NTS, which is thought to be transmitted by ingestion of
contaminated food or contact with animals, there is some
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evidence from sub-Saharan Africa that human-to-human trans-
mission of iNTS disease-causing organisms may be a more
important route of infection.7
There are >2500 different Salmonella serovars that have
described through structural variation in the O (lipopolysac-
charide) and H (ﬂagella) antigens. The majority of serovars
associated with NTS disease are classiﬁed within Salmonella
enterica subspecies I, a broad species encompassing organ-
isms such as Salmonella enterica serovar Typhimurium and S.
enterica Enteritidis, which have the ability to colonize a wide
range of animal hosts and cause human disease. Subspecies I
also contains more host-restricted serovars, such as S. enterica
Gallinarum (chickens) and S. enterica Choleraesuis (pigs), which
are adapted to their speciﬁc host type and rarely infect humans.8
It has been shown that a wide range of NTS serovars (including S.
enterica Typhimurium and S. enterica Enteritidis) circulate on
farms in Southeast Asia and much attention has been focused
on sampling pigs and poultry in the region.9 Furthermore, less
common NTS serovars are also known to circulate in Southeast
Asia.10 A high prevalence of S. enterica Weltevreden has been
reported in ﬁsh farms in Thailand and the Mekong Delta region of
southern Vietnam,11,12 and this serovar has also recently been
identiﬁed as a major cause of Salmonella-associated diarrhoea in
the Vietnamese population.13
While there are considerable data regarding the circulation of
NTS in animals/meat in Southeast Asia,14,15 there are less data
regarding the serovars that cause human disease, especially from
the Lao Peoples Democratic Republic (Lao), where data are scarce
due to the lack of diagnostic microbiology facilities.16 Here we
aimed to investigate the serovars causing invasive and non-
invasive NTS disease and their associated antimicrobial suscepti-
bility proﬁles over a 12 y period in a major tertiary hospital in
Vientiane, Lao. Lao is a sparsely populated, land-locked country in
Southeast Asia. This cross-sectional study represents the largest
comparison of Salmonella associated with diarrhoea and iNTS dis-
ease in this country to date.
Materials and methods
iNTS disease-causing isolates were collected from blood cultures
submitted to the Microbiology Laboratory of Mahosot Hospital,
Vientiane, Lao PDR between 2006 and 2012 as part of an ongoing
fever aetiology study. Patients of any age presenting with a tem-
perature >37.5°C for <1 month were eligible for participation.
Written informed consent was provided by all patients or by a par-
ent or guardian if <15 y of age or unable to consent because of ill-
ness. As part of the diagnostic workup, blood (10mL from adults,
4mL from children and 2mL from infants) was inoculated into
blood culture broths (Pharmaceutical Factory Number 2, Vientiane,
Lao) and processed as previously described.16
All 105 faecal Salmonella isolates were collected from patients
with diarrhoeal disease at Mahosot Hospital between 2006 and
2012, the majority of whom were admitted. Faecal culture and
bacterial identiﬁcation were conducted as a component of routine
clinical diagnostics when requested by an attending clinician as
part of their clinical investigation. Faecal specimens were inocu-
lated onto MacConkey agar (MC; Oxoid, Basingstoke, UK) and
Salmonella-Shigella agar (SS; Oxoid) and incubated at 37°C for
18–24 h. In addition, selenite broths were inoculated and subcul-
tured onto MC and SS agars after 24 h of incubation.
After subculture, Salmonella were identiﬁed by phenotypic
appearance on SS and MC agars (colourless non-lactose ferment-
ing) and conﬁrmed serologically by agglutination with polyvalent
O antiserum (Omni-O, Bio-Rad Laboratories, Hercules, CA, USA)
and biochemically by API20E (BioMerieux, Marcy l’Etoile, France).
Additionally, Vi, O9 and H-d antisera were also used to further
identify S. enterica Typhi from blood samples. Over the corre-
sponding period we isolated 287 S. enterica Typhi and 18 S. enter-
ica Paratyphi A; these were excluded from the analyses. Where
possible, isolates were identiﬁed to the group level using the
Wellcolex Colour Salmonella kit (Oxoid). All isolates were
stored at −80°C using the Protect Microorganism Preservation
System (Technical Service Consultants, Heywood, UK) in
Vientiane prior to subculture and shipment to Vietnam for
further characterization.
Antimicrobial susceptibility testing (AST) was performed using
a disk diffusion method on Mueller–Hinton agar at the time of
isolation and conﬁrmed subsequently in Vietnam. AST was per-
formed against ampicillin (10 μg), amoxicillin/clavulanate (30 μg),
ceftazidime (30 μg), ceftriaxone (30 μg), chloramphenicol (30 μg),
ciproﬂoxacin (5 μg), gentamicin (10 μg), nalidixic acid (30 μg),
oﬂoxacin (5 μg) and trimethoprim-sulfamethoxazole (1.25/23.75 μg;
all disks Thermo Fisher Scientiﬁc,Waltham, MA, USA). Susceptibility
to antimicrobials was interpreted using Clinical and Laboratory
Standards Institute recommendations17; for the purposes of
the analysis presented here, organisms were grouped as sus-
ceptible and non-susceptible, with intermediate resistance
included as non-susceptible. Multidrug resistance (MDR) was
deﬁned as an organism testing non-susceptible to at least three
different classes of antimicrobials.
To further characterize the NTS isolates, all organisms were
subjected to genotyping and molecular serotyping using multi-
locus sequence typing (MLST) according to previously described
methods.18 Brieﬂy, Salmonella were grown overnight on nutrient
agar and total genomic DNA was extracted using Wizard
Genomic DNA extraction kit (Promega, Madison, WI, USA). Seven
housekeeping genes (aroC, dnaN, hemD, hisD, purE, sucA and
thrA, with primer sequences accessed from an MLST database
[http://mlst.warwick.ac.uk/mlst/dbs/Senterica]) were polymerase
chain reaction (PCR) ampliﬁed using template genomic DNA
extracted from each isolate. PCR amplicons were cleaned using
Agentcourt Ampure XP (Beckman Coulter, Brea, CA, USA) and
sequenced in both directions using BigDye Terminator v3
(Applied Biosystems, Waltham, MA, USA) followed by capillary
sequencing on a 3130XL Genetic Analyzer (Applied Biosystems).
All sequences were manually trimmed, aligned to a reference
sequence and submitted to the MLST database (detailed above)
for allelic proﬁling and molecular serotyping. A minimum span-
ning tree (describing the variation in the number of alleles
between isolates of the seven housekeeping genes) was created
with the allelic proﬁles using Bionumerics software (Applied
Maths, Sint-Martens-Latem, Belgium).
Clinical and laboratory data were collated and analysed, with
between-groups comparisons performed using Fisher’s exact
test. All statistical analyses were performed using Stata version
11 (StataCorp, College Station, TX, USA). A p-value <0.05 was
considered to be signiﬁcant.
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Results
A total of 168 NTS isolates collected between 2006 and 2012 were
available for characterization; 63 originated from blood and 105
from diarrhoeal faecal samples. iNTS disease-causing blood iso-
lates were collected from patients admitted to Mahosot Hospital
between 2000 and 2012 (n=53) and other hospitals in and around
Vientiane (n=8). Two further isolates, collected in 2008 and 2010,
originated from patients attending Luang Namtha Provincial
Hospital in northwestern Lao and Saravan Provincial Hospital in
southern Lao, respectively.19 DNA was extracted from all 168
blood and faecal isolates and subjected to PCR ampliﬁcation for
standard seven-allele MLST. The resulting minimum spanning tree
of the MLST data, with organisms identiﬁed by sequence type (ST)
and inferred serovar and categorized by sampling site, is shown
in Figure 1a.
Among the six different serovars isolates from the blood, S.
enterica Enteritidis (Group D; n=28), S. enterica Typhimurium
(Group B; n=19) and S. enterica Choleraesuis (Group C1; n=11)
were the most common, accounting for >90% (58/63) of the
iNTS disease cases. In contrast, isolates from faecal samples col-
lected from diarrhoeal patients were characterized by a broader
range of NTS serogroups (n=6) and serovars (n=18; Figure 1a and
Table 1). The mostly commonly identiﬁed serovars from non-
invasive infections were S. enterica Typhimurium (n=28), S. enteri-
ca Weltevreden (n=14) and S. enterica Stanley (n=15).
To identify speciﬁc serovars signiﬁcantly associated with inva-
sive infections we compared the proportions of the various sero-
vars between the syndromes (Table 1). Notably, the proportion
of S. enterica Typhimurium isolated from the blood or faeces
was not signiﬁcantly different (p=0.27; Fisher’s exact test). In
contrast, S. enterica Enteritidis and S. enterica Choleraesuis were
signiﬁcantly more associated with invasive disease than diar-
rhoeal infection in this patient group (p<0.001 for both compari-
sons). Conversely, S. enterica Weltevreden was signiﬁcantly more
associated with diarrhoea than systemic infection (p=0.001).
We measured the susceptibility of the 168 NTS isolates to 10
different antimicrobials by disc diffusion and categorized the data
according to whether isolated from blood or faeces (Figure 1b).
We found no signiﬁcant difference in the proportion of susceptible
or non-susceptible isolates cultured from each sample type for
the majority (7/10) of antimicrobials tested. However, organisms
isolated from faecal samples were signiﬁcantly less likely to be
susceptible to ampicillin and trimethoprim-sulfamethoxazole com-
pared with blood isolates (p<0.05 for both comparisons). We add-
itionally determined that 65% (41/63) of the bloodstream isolates
were non-susceptible to ciproﬂoxacin, which was a signiﬁcantly
higher proportion than in faecal isolates (p<0.001). Notably, the
majority of these Salmonella isolates were categorized as having
intermediate resistance to ciproﬂoxacin, and only one isolate, a S.
enterica Choleraesuis from a blood culture, tested fully resistant.
This isolate was also resistant to the majority of other antimicro-
bials tested.
There are limited data regarding the presentation of patients
with iNTS disease in Asia; clinical data for 62 iNTS disease
patients are summarized in Table 2. Most patients were female
(35/62 [56%]) with a median age of 32 y (interquartile range
[IQR] 17–44), while the median duration of illness before hospital
admission was 6 d (IQR 2–13). The most commonly reported
symptoms were fever (>38.0°C [59/62 {95%}]), headache (40/62
[65%]) and diarrhoea (36/62 [58%]). Given the known associ-
ation between iNTS disease and HIV infection, it was unexpected
that only 6 of the 50 (12%) patients tested were HIV seroposi-
tive. Unsurprisingly in this endemic setting, 3/62 (5%) patients
had pulmonary tuberculosis as an additional comorbidity.
Discussion
Invasive NTS is now well recognized as a major cause of community-
acquired bloodstream infections in parts of sub-Saharan Africa,7
particularly in children and those infected with HIV.20 Outside of
this setting, we and others have more recently described the add-
itional burden of iNTS disease in Vietnam and Southeast Asia,10,21
which has previously remained unrecognized.22 The data pre-
sented here conﬁrm that iNTS disease is also endemic in Lao and
is most commonly caused by S. enterica Cholerasuis, S. enterica
Typhimurium and S. enterica Enteritidis. Our data were collected
from patients presenting to a hospital and routine laboratory test-
ing, therefore, while we are unable to comment on the incidence
of iNTS disease in Lao, we postulate that iNTS disease is less com-
mon in this setting than in parts of sub-Saharan Africa.
We performed MLST and molecular serotyping on 63 Salmonella
isolated from blood and 105 Salmonella isolated from faecal
samples. We identiﬁed a wide range of Salmonella in the faecal
specimens, with the main serovars being S. enterica Typhimurium,
S. enterica Weltevreden and S. enterica Stanley. Given the epi-
demiology and zoonotic transmission potential of NTS serovars,
we suggest that this variation in the causative agents of
Salmonella gastroenteritis is largely associated with circulation of
these organisms in the food chain. S. enterica Derby, S. enterica
Anatum, S. enterica Stanley and S. enterica Weltewreden have
been previously isolated from slaughterhouse pigs in Vientiane,
suggesting widespread circulation of these organisms in Lao.14 S.
enterica Weltevreden in particular is a common zoonotic infection
in Southeast Asia and has been widely reported across the
region.11,13 This organism is among the most common causes of
Salmonella-associated diarrhoea in neighbouring Thailand and is
thought to be associated with aquaculture.23 S. enterica Stanley
is also known to cause gastroenteritis in Southeast Asia, and was
found to be associated with Salmonella gastroenteritis (24/26
cases) in Mahosot Hospital in Vientiane in the late 1960s.24 Our
data conﬁrm that S. enterica Stanley is still endemic and asso-
ciated with diarrhoea at this location.
In contrast to the broad distribution of Salmonella serovars
found in diarrhoeal faecal samples, the range of Salmonella iso-
lated from blood was more limited, with only six different sero-
vars (nine STs) identiﬁed. Internationally, Salmonella serovars
Typhimurium, Enteritidis and Dublin are most commonly asso-
ciated with iNTS disease. A particular well-reported issue in sub-
Saharan Africa has been iNTS disease caused by S. enterica
Typhimurium ST313, which is frequently multidrug resistant
(MDR) and not commonly associated with diarrhoeal symptoms
and is therefore more similar to typhoidal serovars in presenta-
tion.5,25 In our study, the most common Salmonella serovars iso-
lated from blood were Enteritidis, Typhimurium and Cholerasuis.
This distribution is almost identical to that which we recently
described in Vietnam.10 Notably, we did not identify S. enterica
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Figure 1. Identiﬁed Salmonella serovars causing invasive and non-invasive disease in Lao and their antimicrobial susceptibility proﬁles. (a) Minimum
spanning tree of 168 Laotian NTS isolates created using seven-allele MLST proﬁling; the sources of the organisms are colour coded (red, blood; blue,
faeces). The sequence type (ST) of each allele proﬁle is shown along with the inferred serovar. Clonal complexes (S. enterica Typhimurium, S. enterica
Enteritidis, S. enterica Choleraesuis, S. enterica Stanley and S. enterica Weltevreden) are highlighted. The size of each ST group corresponds with the
number of isolates with the same ST proﬁle (scale shown) and the branches are labelled by the number of variable alleles between STs. (b) Bar graph
showing the proportion of organisms (red, blood; blue, faeces) exhibiting non-susceptibility (including intermediate resistance) against ampicillin
(AMP), amoxicillin/clavulanate (AMC), ceftazidime (CAZ), ceftriaxone (CRO), chloramphenicol (CHL), ciproﬂoxacin (CIP), gentamicin (GEN), nalidixic
acid (NAL), oﬂoxacin (OFX) and trimethoprim-sulfamethoxazole (SXT). Asterisks signify statistically signiﬁcant differences in the proportion of organ-
isms with non-susceptibility against the individual antimicrobial (p<0.05, Fisher’s exact test).
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Typhimurium ST313 but did isolate S. enterica Typhimurium ST19
and ST34. These STs have been described previously with invasive
disease in Southeast Asia,10 and both were isolated from faecal
specimens. In contrast, S. enterica Choleraesuis was exclusively
associated with invasive disease; this serovar is known to circu-
late in pigs and has been associated with iNTS disease in other
countries in Asia.23,26
The emergence of iNTS disease-causing organisms in sub-
Saharan Africa with resistance to various antimicrobials, includ-
ing chloramphenicol, ampicillin and co-trimoxazole, has been
well described.3,27 Of concern are additional reports of resist-
ance against third-generation cephalosporins.6,28 Here we found
that resistance to ampicillin was common in both invasive and
non-invasive organisms (>40%) and non-susceptibility against
ciproﬂoxacin was more apparent in blood isolates than faecal
isolates. This non-susceptibility against ciproﬂoxacin indicates
the circulation of these organisms within the human population
and the empirical use of ﬂuoroquinolones for febrile disease at
this location.17 The majority of the organisms were susceptible
to third-generation cephalosporins, suggesting ceftriaxone to be
an appropriate selection for therapy.
There are several limitations to our study. First, the organisms
described were collected during routine care in speciﬁc health
care facilities and are therefore unlikely to be representative of
the entire distribution of Salmonella circulating in this Southeast
Asia country. Second, faecal culture is not routinely performed
in this setting and therefore sampled patients may not be
Table 1. The distribution of NTS serovars isolated from the blood and faecal specimens of patients in Lao PDR
Serogroupa Salmonella serovarb Bloodstream isolates, n (%) (N=63) Faecal isolates, n (%) (N=105) p-Valuec
B Typhimurium 19 (30.2) 28 (26.7) 0.625
Stanley 3 (4.8) 15 (14.3) 0.071
Paratyphi B 0 5 (4.8) 0.158
Derby 0 2 (1.9) 0.528
Bredeney 0 1 (1.0) 1.000
Agona 0 1 (1.0) 1.000
D Enteritidis 28 (44.4) 7 (6.7) <0.001
Panama/Miami/Koessen 1 (1.6) 2 (1.9) 1.000
C1 Choleraesuis 11 (17.5) 0 (0) <0.001
Rissen 1 (1.6) 3 (2.9) 1.000
Mbandaka 0 1 (1.0) 1.000
C2 Albany 0 1 (1.0) 1.000
Corvallis 0 1 (1.0) 1.000
Tananarive 0 3 (2.9) 1.000
E Weltevreden 0 14 (13.3) 0.001
Anatum 0 5 (7.5) 0.158
Give 0 6 (5.7) 0.085
G Worthington 0 2 (1.9) 0.528
C/E/G Unknown 0 8 (7.6) 0.026
aSerogroup determined by classical O serotyping.
bSerovar inferred by MLST proﬁle.
cp-Values determined by Fisher’s exact test on the proportions of the speciﬁc Salmonella serovar isolated from blood and faecal specimens.
Signiﬁcant p-values in bold.
Table 2. The clinical features of patients in Lao PDR with iNTS
disease
Characteristic Value
Sex (male) 27/62 (43.5)
Age (y), median (IQR) 32 (17–44)













Mycobacterium tuberculosis infection 3/44 (6.8)
HIV seropositive 6/50 (12.0)
Antimicrobial taken in the last 7 d 15/41 (36.6)
All values are n/N (%) unless otherwise noted.
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representative of the full clinical or microbiological spectrum of
infection. Lastly, as this study focussed on human infection, we
were unable to assess the role of potential zoonotic transmis-
sion, which is likely to be signiﬁcant in this setting.15 Despite
these limitations, we describe the ﬁrst data from Lao deﬁning
the Salmonella serovars associated with iNTS disease and their
antimicrobial susceptibility proﬁles.
Conclusions
We investigated the causative serovars of non-invasive and iNTS
disease and their associated antimicrobial susceptibility proﬁles
in a major tertiary hospital in Vientiane, Lao. We ﬁnd a differing
distribution of Salmonella STs and serovars associated with inva-
sive and non-invasive disease but a comparable array of iNTS
disease-causing serovars between Lao and neighbouring Vietnam.
There is a small but not-insigniﬁcant burden of iNTS disease
in Lao; further clinical and epidemiological investigations are
required to assess mortality and the role of co-morbidities such
as HIV.
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